Complex of mechanical tests and fractographic studies of various sample types were conducted for VVER pressure vessel steels. The brittle fracture sources (origins) were revealed: "non-metallic inclusions" and "structural boundaries". The computationalexperimental technique for evaluation of the local normal stress parameter that characterizes strength of the origin was performed. Values of the local normal stress for the "structural boundary" origin type was demonstrated to be decreasing after thermal and radiation embrittlement due to decreasing in cohesive strength of grain boundaries by virtue of thermo-and radiation-stimulated diffusion of the impurities to grains boundaries.
samples were made of VVER pressure vessel steels in the initial and embrittled states.
Determination of the origin type and its strength after influence of operational factors (temperature and irradiation) makes it possible to ascertain embrittling mechanisms for VVER RPV's steels.
Materials and methods
Base metal of the research reactor-prototype "Reactor 27" in the highly embrittled of steels under study is given in Table 1 . To determine the local normal stress the uniaxial static tension tests of cylindrical specimens with annular notch and the fracture toughness tests of SE(B)-type specimens were made. Selection of the annular notched specimen geometry was contingent on occurring of the maximum normal stresses in center of specimen cross-section providing correct normal stress determination. The SE(B)-type samples has the sharp stress concentrator (grown fatigue crack) that provides maximum of stress in the area close to the crack tip.
States under study
To evaluate influence level of the thermal embrittlement on the local normal stress value it is necessary to compare data for the initial and embrittled states. However, data for the initial material state of the research "Reactor 27" is absent. Consider that DOI 10 .18502/kms.v4i1. 2154 Page 297
KnE Materials Science MIE-2017 "Reactor 27" steel was affected by long thermal exposure (at a reactor operation temperature) the base factor for material embrittlement was thermal induced Phosphorus segregation [7] . To receipt the "initial-like" state it was proposed to use the high temperature annealing with the regime 680 ∘ C/50 h including rapid cooling in water. That temperature interval is higher than the one where the maximum level of reversible temper brittleness effect occurs. This regime is similar to the regime of final thermal processing of RPV steels of this class. To prevent increasing of phosphorus segregation at grain boundaries during passing through the interval of reversible temper brittleness cooling in water of the material was used.
To confirm efficiency of recover annealing using pre-determined regime Augier electron studies for assessment of phosphorus segregation degree at grain boundaries of the material in various states: before and after annealing has been made.
Diagram of phosphorus distribution at grain boundaries is shown in Figure 1 . Brittle intergranular fracture portion measured in fracture surfaces of the tested annealed samples compose ∼5% and for the embrittled samples is ∼80%. Considering that brittle intergranular fracture portion correlates to grain boundary segregation degree the increase in strength of grain boundaries confirms decrease of the grain boundary segregation level in annealed samples [7] .
To evaluate influence of irradiation level on the local normal stress values the surveillance-specimens (SS) of VVER-1000 RPV base metal (BM) and weld metal (WM)
were studied in the initial and irradiated states and also after long thermal exposures.
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Fractographic studies technique
To observe the brittle fracture sources (origins) the fractographic investigations of cylindrical samples with annular notch and SE(B) samples with one-side notch and grown fatigue crack were conducted.
Fractographic investigation technique [8] involves determination of location and type of an origin and also measurement of the cleavage initiation distance (CID). Cleavage initiation distance is the distance from origin to the fatigue crack tip.
Measurement of CID values for various types of samples was made in various ways.
For cylindrical samples with annular notch the center of the sample was defined in fracture surface (see Figure 2a) . Next, analyzing at higher magnifications the "river lines" of transgranular fracture location of the brittle fracture origin and its type were determined. Afterwards, the distance CID from center of the sample to the identified origin was measured (see Figure 2b ). Investigation of fracture surfaces of the SE(B)-type samples after fracture toughness tests were conducted using the following technique. On the panoramic view of the fracture surface (see Figure 3a) observing the disperse relief of fracture the brittle fracture initiation region was determined. Next, at higher magnifications the proposed location of the brittle fracture origins in the initiation zone was defined by the "river lines" of transgranular fracture; and the distance CID from the origin to the grown fatigue crack tip was measured (see Figure 3b ).
Base on the fractographic analysis results of all studied samples two types of origins:
"structural boundary" (transgranular or intergranular) (see Figure 4 a,b) and "nonmetallic inclusion" (see Figure 4c ) were revealed. 
Computational-experimental technique of stress-strain state determination
Finite element models [6, 9] composed of large amount of quadric 3-D finite elements and nodes were developed to define the stress-strain state (SSS) of cylindrical samples with annular notch tested for uniaxial static tension and SE(B) samples with one-side notch and grown fatigue crack tested for fracture toughness. Fine grid was used tor more accurate determination of SSS parameters in the vicinity of annular notch and the fatigue crack tip (for SE(B)-type samples). Individual geometry of the notch front was considered for each sample. Every sample was loaded with several loading steps until critical point where fast fracture occurs.
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The task of SSS calculation was solved in the elastic-plastic set up within the framework of plastic flow theory [10] inclusive of large deformations and changes in physical dimensions of sample at each loading step. Figure 5 shows the typical distribution of normal stress components (S , S , S ) in crosssection of the annular notched sample (Fig. 5 a,b) and one-side notched sample ( As can be seen from Figure 5 the maximum and determine value for brittle crack initiation of the three normal stress components has S component (normal opening direction 
Discussion of the investigated results

Calculation of stress-strain state
Determination of the local normal stress
To determine the local normal stress values for observed origins in each sample the following procedure was used:
• CID determination with data selection for each origin type (see Figures 2b and   3b );
• Using S stress distribution for particular sample the local normal stress values were calculated in accordance with coordinate of the observed origin.
In Table 2 an average values of determined local normal stresses (S ) for observed origins revealed in every group of samples with partition by sample type (cylindrical and SE(B)-type) and also by condition (initial, thermo-embrittled, irradiated) are presented. Thermo-embrittled 2100
Irradiated 2200
"SB" * * "Reactor 27" BM Annealed ("initial") 2150
Thermo-embrittled 1900 VVER-1000 BM Initial 2600
Thermo-embrittled 2200
VVER-1000 WM Initial 2700
Thermo-embrittled 1900
Irradiated 2000 * NI is a "non-metallic inclusion"; * * SB is a "structural boundary". Table 2 shows that for the "Reactor 27" BM tested in the embrittled state the type of brittle fracture origin is "structural boundary" of the high angle boundary type only.
After annealing fracture behavior has been changed: types of brittle fracture origin were "structural boundaries" of sub-grain type and "non-metallic inclusions". Presence of non-metallic inclusion as an origin type in annealed material indicates that the strength of the grain boundaries has increased relatively to the embrittled state; and the weakest link in the material was non-metallic inclusion/matrix boundary. This is also confirmed by the fact that for the annealed state the values of local normal stress for "structural boundary" origin type are higher than for the embrittled state. Consequently, the cohesive strength of grain boundaries in the embrittled state depends on influence of thermal induced phosphorus segregation [11] [12] .
To compare the investigation results of steels tested in various states (also at various temperatures) and to calculate an analytical dependences between the fracture toughness parameters and the structural parameters of SE(B) samples CTOD (crack tip open displacement) parameter was chosen as a fracture toughness parameter. The critical value of CTOD parameter was calculated using equation (1) [13]:
where K is stress intensity factor; E is Young's modulus; Data comparison for the BM and WM with "non-metallic inclusion" ("NI") and "structural boundary" ("SB") origin types is presented in Figure 7 .
To prove equality hypothesis of CTOD(CID) dependence coefficients for samples tested in the initial state and after thermal exposure the Chow test [14] was used. compare to the initial state as for BM so for WM (see Table 2 ).
For "SB" origin type for thermal exposure during 200000 h slope angle of CTOD(CID) dependence is decreasing. This points to the fact that the local normal stress for "SB" origin type is decreasing compare to the initial state as for BM so for WM. This proposition is confirmed by the received data (see Table 2 ).
An analysis of BM and WM data for "SB" origin type shows that slope angle of CTOD(CID) dependence for the irradiated state is lower than for the initial state. That indicates the decrease in the local normal stress value for structural boundaries in the irradiated state.
As follows from Table 2 for the BM and WM with "SB" origin type the local normal stress has decreased after irradiation with simultaneous influence of thermal exposure during 140000 h for the BM and WM with "SB" origin type compare to the initial state.
The values of local normal stress for the irradiated state with a shorter exposure time 6. In the irradiated samples, the local normal stress for the "structural boundary" origin type both for BM and WM is lower after neutron irradiation compare to the initial state and after influence of operational temperature only due to additional reduction in the cohesive strength of the grain boundaries in consequence of radiation-induced diffusion that leads to accelerated formation of grain boundary segregations of phosphorus.
